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(57) ABSTRACT

The invention relates to an irrigated ablation catheter that has
a pressure sensor to determine tissue contact as well as meth-
ods of using the same. The irrigated ablation catheter contains
fluid tubing, an electrode with passages and a lumen and a
pressure sensor located inside the lumen of the electrode. In
some embodiments, a cooling fluid, such as saline, is passed
through the catheter.
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IRRIGATED ABLATION CATHETER HAVING
A PRESSURE SENSOR TO DETECT TISSUE
CONTACT

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is related to U.S. application Ser.
Nos. (not yet available) entitled Irrigated Ablation Catheter
System With Pulsatile Flow To Prevent Thrombus (Docket
No. OB-051300US); Irrigated Ablation Catheter Having A
Valve To Prevent Backflow (Docket No. OB-051800US); and
CooledAblation Catheter With Reciprocating Flow (Docket
No. OB-052500US), all filed 28 Dec. 2006 and now pending.
These applications are all hereby incorporated by reference as
though fully set forth herein.

BACKGROUND OF THE INVENTION

[0002] a. Field of the Invention

[0003] The instant invention relates to ablation catheters. In
particular, the instant invention relates to an irrigated ablation
catheter that has an internal pressure sensor to detect tissue
contact and methods of operating the catheter.

[0004] b. Background Art

[0005] Electrical stimulation of myocardial tissue controls
the pumping action of the heart. Stimulation of this tissue in
various regions of the heart is controlled by a series of con-
duction pathways contained within the myocardial tissue. In
a healthy heart, contraction and relaxation of the heart muscle
(myocardium) occur in an organized fashion as electro-
chemical signals pass sequentially through the myocardium
from the sinoatrial (SA) node, which consist of a bundle of
unique cells disposed in the wall of the right atrium, to the
atrioventricular (AV) node, and then into the left and right
ventricles via a route that includes the His-Purkinje system.
The AV node is located near the ostium of the coronary sinus
in the interatrial septum in the right atrium. Each cell mem-
brane of the SA node has a characteristic tendency of a
gradual leak of sodium ions over time leading to a periodic
break down of the cell membrane, thus allowing an inflow of
sodium ions, and thereby causing the SA node cells to depo-
larize. The SA node cells are in communication with the
surrounding atrial muscle cells such that the depolarization of
the SA node cells causes the adjacent atrial muscle cells to
also depolarize. This depolarization results in atrial systole,
during which the atria contract to empty and fill blood into the
ventricles. The AV node detects the atrial depolarization from
the SA node and, in turn, relays the depolarization impulse
into the ventricles via the bundle of His and Purkinje fibers
following a brief conduction delay. The His-Purkinje system
begins at the AV node and follows along the membranous
interatrial septum toward the tricuspid valve through the AV
septum and into the membranous interventricular septum. At
about the middle of the interventricular septum, the His-
Purkinje system splits into right and left branches, which
straddle the summit of the muscular part of the interventricu-
lar septum.

[0006] Abnormal rhythms generally referred to as arrhyth-
mia can occur in the heart. Cardiac arrhythmias arise when
the pattern of the heartbeat is changed by abnormal impulse
initiation or conduction in the myocardial tissue. The term
tachycardia is used to describe an excessively rapid heartbeat
resulting from repetitive stimulation of the heart muscle.
Such disturbances often arise from additional conduction
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pathways that are present within the heart either from a con-
genital developmental abnormality or an acquired abnormal-
ity, which changes the structure of the cardiac tissue, such as
a myocardial infarction.

[0007] A common arrhythmia is Wolff-Parkinson-White
syndrome (W-P-W). The cause of W-P-W is generally
believed to be the existence of an anomalous conduction
pathway or pathways that connect the atrial muscle tissue
directly to the ventricular muscle tissue, thus bypassing the
normal His-Purkinje system. These pathways are usually
located in the fibrous tissue that connects the atrium and the
ventricle.

[0008] Atrial arrhythmia may also occur. Three of the most
common atrial arrhythmia are ectopic atrial tachycardia,
atrial fibrillation, and atrial flutter. Atrial fibrillation can cause
significant patient discomfort and even death because of a
number of associated problems, including e.g., an irregular
heart rate (which causes patient discomfort and anxiety), loss
of'synchronous atrioventricular contractions (which compro-
mises cardiac hemodynamics, resulting in varying levels of
congestive heart failure) and stasis of blood flow (which
increases the likelihood of thromboembolism).

[0009] In the past, problems associated with arrhythmia
have been treated with pharmacological treatment. Such
treatment may not be effective in all patients and is frequently
plagued with side effects, including, e.g., dizziness, nausea,
vision problems, and other difficulties.

[0010] Alternatively, such disturbances are treated by iden-
tifying the conductive pathways and then severing part of this
pathway by destroying these cells, which make up a portion of
the pathway. Traditionally, this has been done by either cut-
ting the pathway surgically; freezing the tissue, thus destroy-
ing the cellular membranes; or by heating the cells, thus
denaturing the cellular proteins. The resulting destruction of
the cells eliminates their electrical conductivity, thus destroy-
ing, or ablating, a certain portion of the pathway. By elimi-
nating a portion of the pathway, the pathway may no longer
maintain the ability to conduct, and the tachycardia ceases.
[0011] Catheters are a common medical tool that has been
used for many years. They are employed, e.g., for medical
procedures to examine, diagnose, and treat while positioned
at a specific location within the body that is otherwise inac-
cessible without more invasive procedures. In such proce-
dures, a catheter is first inserted into a vessel near the surface
of the body and the guided to a specific location within the
body. For example, a catheter may be used to convey an
electrical stimulus to a selected location within the human
body or a catheter with sensing electrodes may be used to
monitor various forms of electrical activity in the human
body.

[0012] Catheters have increasingly become a common
medical procedure for the treatment of certain types of car-
diac arrhythmia. Catheter ablation is based on the idea that by
ablation (i.e., destroying) abnormal tissue areas in the heart,
its electrical system can be repaired and the heart will return
to a normal rhythm. During catheter ablation, the catheter is
typically inserted in an artery or vein in the leg, neck, or arm
of the patient and then threaded, sometimes with the aid of a
guide wire or introducer, through the vessels until a distal tip
of the catheter reaches the desired location for the medical
procedure in the heart.

[0013] Most often, cardiac ablation is used to treat
supraventricular tachycardias, or SVTs. Types of SVTs are
atrial fibrillation, atrial flutter, AV nodal reentrant tachycar-
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dia, AV reentrant tachycardia, and atrial tachycardia. Less
frequently, ablation can treat heart rhythm disorders that
begin in the heart’s lower chambers, known as the ventricles.
The most common, ventricular tachycardia may also be the
most dangerous type of arrhythmia because it can cause sud-
den cardiac death. For patients at risk for sudden cardiac
death, ablation often is used along with an implantable car-
dioverter device (ICD). The ablation decreases the frequency
of abnormal heart rhythms in the ventricles and therefore
reduces the number of ICD shocks a patient may experience.
For many types of arrhythmias, catheter ablation is successful
in 90-98 percent of cases, thus eliminating the need for open-
heart surgeries or long-term drug therapies.

[0014] During conventional catheter ablation procedures,
an energy source is in contact with cardiac tissue to heat the
tissue and create a permanent scar or lesion that is electrically
inactive or non-contractile. These lesions are designed to
interrupt existing conduction pathways commonly associated
with arrhythmias within the heart. The particular area for
ablation depends on the type of underlying arrhythmia. One
common ablation procedure treats atrioventricular nodal
reentrant tachycardia (AVNRT). The use of electrode cath-
eters for ablating specific locations within the heart has also
been disclosed in, e.g., U.S. Pat. Nos. 4,641,649, 5,228,442,
5,231,995, 5,263,493, and 5,281,217.

[0015] Many variations of ablations procedures are known.
For example, ablation of fast or slow AV nodal pathways is
disclosed in Singer et al., Catheter Ablation for Arrhythmias,
Clinical Manual of Electrophysiology, 421-431 (1993).
[0016] Another medical procedure using ablation catheters
with sheaths to ablate accessory pathways associated with
W-P-W using both a transseptal and retrograde approach is
discussed in Saul et al., Catheter Ablation of Accessory Atrio-
ventricular Pathways in Young Patients: Use of long vascular
sheaths, the transseptal approach and a retrograde left poste-
rior parallel approach, Journal of the American College of
Cardiology, 21, 571-583 (1993). Additional catheter ablation
procedures are disclosed in Swartz, Radiofrequency
Endocardial Catheter Ablation of Accessory Atrioventricular
Pathway Atrial Insertion Sites, Circulation, 87, 487-499
(1993).

[0017] Ablation of a specific target requires precise place-
ment of the ablation catheter within the heart. Precise posi-
tioning of the ablation catheter is especially difficult due the
physiology of the heart, particularly since the heart continues
to beat throughout the ablation procedures. Typically, the
choice of placement of the catheter is determined by a com-
bination of electrophysiological guidance and fluoroscopy.
Fluoroscopy is placement of the catheter in relation to known
features of the heart, which are marked by radiopaque diag-
nostic catheters that are placed in or at known anatomical
structures, such as the coronary sinus, high right atrium, and
the right ventricle.

[0018] Ablation procedures using guiding introducers to
direct an ablation catheter to a particular location in the heart
for treatment of atrial arthythmia have been disclosed in, e.g.,
U.S. Pat. Nos. 5,427,119, 5,497,774, 5,564,440, 5,575,766,
5,628,316, and 5,640,955. During these procedures, ablation
lesions are produced in the heart.

[0019] A variety of energy sources can be used to supply
the energy necessary to ablate cardiac tissue and create a
permanent lesion. Such energy sources include direct current,
laser, microwave, and ultrasound. Because of problems asso-
ciated with the use of DC current, radiofrequency (RF) has
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become the preferred source of energy for ablation proce-
dures. The use of RF energy for ablation has been disclosed,
e.g., in U.S. Pat. Nos. 4,945,912, 5,242,441, 5,246,438,
5,281,213, 5,281,218, and 5,293,868. The use of RF energy
with an ablation catheter contained within a transseptal
sheath for the treatment of W-P-W in the left atrium is dis-
closed in Swartz et al., Radiofrequency Endocardial Catheter
Ablation of Accessory Atrioventricular Pathway Atrial Inser-
tion Sites, Circulation, 87: 487-499 (1993). See also Tracey,
Radio Frequency Catheter Ablation of Ectopic Atrial Tachy-
cardia Using Paced Activation Sequence Mapping, J. Am.
Coll. Cardiol. 21: 910-917 (1993).

[0020] In addition to radiofrequency ablation catheters,
thermal ablation catheters are also used. During thermal abla-
tion, a heating element, secured to the distal end of a catheter,
heats thermally conductive fluid. This fluid then contacts the
human tissue to raise its temperature for a sufficient period of
time to ablate the tissue. A method and device for thermal
ablation using heat transfer is disclosed in U.S. Pat. No.
5,433,708. U.S. Pat. No. 5,505,730 discloses another thermal
ablation procedure. This procedure utilizes a thermal elec-
trode secured to a catheter and located within a balloon with
openings in that balloon. The openings permit a heated con-
ductive fluid introduced into the balloon from the catheter to
escape to contact the tissue to be ablated.

[0021] Conventional ablation procedures use a single elec-
trode secured to the tip of an ablation catheter. It has become
increasingly more common to use multiple electrodes affixed
to the catheter body. Such ablation catheters often contain a
distal tip electrode and a plurality of ring electrodes as dis-
closed in, e.g., U.S. Pat. Nos. 4,892,102, 5,228,442, 5,327,
905, 5,354,297, 5,487,385, and 5,582,609.

[0022] During conventional ablation procedures, the ablat-
ing energy is delivered directly to the cardiac tissue by an
electrode on the catheter placed against the surface of the
tissue to raise the temperature of the tissue to be ablated. The
increase in tissue temperature also results in a rise in the
temperature of blood surrounding the electrode. This rise in
temperature often results in the formation of coagulum on the
electrode, which in turn reduces the efficiency of the ablation
electrode. Thus, to achieve efficient and effective ablation,
coagulation of blood should be avoided. This coagulation
problem can be especially significant when linear ablation
lesions or tracks are produced because such linear ablation
procedures take more time than ablation at only a single
location.

[0023] The formation of linear lesions within a heart via
conventional ablation tip electrode requires use of procedures
such as e.g., a “drag burn.” A “linear lesion” means an elon-
gate, continuous lesion, which may be straight or curved, that
blocks electrical conduction. During a “drag burn” proce-
dure, while energy is supplied to the electrode, the electrode
is drawn across the tissue to be ablated, producing a line of
ablation. Alternatively, a series of points of ablation are
formed in a line created by moving the tip electrode incre-
mental distances across the cardiac tissue. The effectiveness
of'these procedures depends on a number of variables such as
e.g., (i) the position and contact pressure of the tip electrode
of'the ablation catheter against the cardiac tissue, (ii) the time
that the tip electrode of the ablation catheter is placed against
the tissue, (iii) the amount of coagulum formed as a result of
heat generated during the ablation procedure, and (iv) other
variables associated with a beating heart, especially an errati-
cally beating heart. An uninterrupted track of cardiac tissue
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needs to be ablated as unablated tissue or incompletely
ablated tissue may remain electrically active, thereby permit-
ting the continuation of stray circuits that cause arrhythmia.

[0024] More efficient ablation can be achieved if a linear
lesion of cardiac tissue is formed during a single ablation
procedure. The production of linear lesions in the heart by use
of an ablation catheter is disclosed in, e.g., U.S. Pat. Nos.
5,487,385, 5,582,609, and 5,676,662. A specific series of
linear lesions formed in the atria for the treatment of atrial
arrhythmia are disclosed in U.S. Pat. No. 5,575,766.

[0025] Physical contact of the cardiac tissue with an elec-
trode of the ablation catheter is typically used to perform
these procedures on electrically inactive or non-contractile
tissue. Conventional tip electrodes with adjacent ring elec-
trodes cannot perform this type of procedure, however, due to
the high amount of energy necessary to ablate sufficient tissue
to produce a complete linear lesion. In addition, conventional
ring electrode ablation may leave holes or gaps in a lesion,
which can provide a doorway for the creation of unwanted
circuits.

[0026] U.S. Pat. No. 5,334,193 discloses an ablation cath-
eter for use in the heart that contains a pair of intertwined
helical electrodes. The helically wound electrode is affixed to
the surface of the catheter body over a distance of about eight
centimeters from the distal tip of the catheter body. Other
helical electrodes are disclosed in WO 95/10319 as well as
U.S. Pat. Nos. 4,161,952, 4,776,334, 4,860,769, 4,934,049,
5,047,026, and 5,542,928.

[0027] As discussed a variety of energy such as radiofre-
quency (RF), microwave, ultrasound, and laser energy have
been used for ablation. With RF energy, a catheter with a
conductive inner core and a metallic tip are placed in contact
with the myocardium and a circuit is completed with a patch
placed on the patient’s body behind the heart. The catheter is
coupled to a RF generator such that application of electrical
energy creates localized heating in the tissue adjacent to the
distal (emitting) electrode. The peak tissue temperatures dur-
ing catheter delivered application of RF energy to the myo-
cardium occur close to the endocardial surface, such that the
lesion size produced is limited by the thermodynamics of
radiant heat spread from the tip. The amount of heating which
occurs is dependent on the area of contact between the elec-
trode, and the tissue and the impedance between the electrode
and the tissue. The higher the impedance, the lower the
amount of energy transferred into the tissue.

[0028] During RF catheter ablation, local temperature
elevation can result in coagulum formation on the ablation
electrode, resulting in impedance rise. As the impedance
increases, more energy is passed through the portion of the tip
without coagulation, creating even higher local temperatures
and further increasing coagulum formation and the imped-
ance. Finally, enough blood coagulates onto the tip that no
energy passes into the tissue. The catheter must now be
removed from the vascular system, the tip area cleaned and
the catheter repositioned within the heart at the desired loca-
tion. Not only can this process be time consuming, but also it
may be difficult to return to the previous location because of
the reduced electrical activity in the regions, which have
previously been ablated. A recent study has also demon-
strated the formation of a so-called soft thrombus during
experimental ablations (Demonlin et al. Soft thrombus for-
mation in radiofrequency catheter ablation, Pacing clin. elec-
trophysiol. 25: 1219-1222 (2002)). The formation of the so-
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called soft thrombus results from heat induced protein
denaturation and aggregation and occurs independent of hep-
arin concentration in serum.

[0029] To prevent the occurrence of, e.g., soft thrombus,
blood coagulation, and steam pop during ablation, the cath-
eter may be cooled by passing a fluid through the catheter
during ablation. Saline irrigation is an effective way to cool
the ablation electrode and keep efficient flow around the
electrode to prevent blood coagulation. Furthermore, the sur-
face cooling that results from the saline irrigation reduces
heating at the point of highest current density where excessive
temperatures would normally produce charring, crater forma-
tion and impedance rises (Thomas et al., A comparison of
open irrigated and non-irrigated tip catheter ablation for pul-
monary vein isolation, Europace 6: 330-335 (2004)). Open
irrigated ablation catheters are currently the most common
irrigated catheters in the electrophysiology field. Examples of
these devices include Thermocool® by Biosense Webster and
Coolpath® by Irvine Biomedical.

[0030] It is also important to ensure that the appropriate
amount of energy necessary to destroy the tissue is delivered.
In an RF ablation catheter, this is achieved by maintaining a
good contact between the target tissue and electrode. A num-
ber to technologies have been developed to detect the contact
between the target tissue and electrode. Most of these meth-
ods rely on deflection of the catheter to detect catheter con-
tacting.

[0031] There remains a need to detect contact between the
catheter and target tissue without bending of the catheter.

BRIEF SUMMARY OF THE INVENTION

[0032] It is desirable to be able to provide an irrigated
ablation catheter that detects contacting between the target
tissue and catheter without relying on catheter deflection.
[0033] One embodiment of the invention is an irrigated
ablation catheter with a pressure sensor mounted in the cath-
eter. The irrigated ablation catheter may utilize radiofre-
quency energy to ablate the target tissue. The irrigated abla-
tion catheter may also be packaged as part of a kit.

[0034] The irrigated ablation catheter includes an elon-
gated tubing having a distal end, a proximal end, and a lumen.
The irrigated ablation catheter also has an electrode attached
to the distal end of the tubing. The electrode has an inner
cavity, a plurality of passages from the inner cavity to an outer
surface of the electrode as well as a distal end and a proximal
end. The catheter also has a shaft with a distal end and a
proximal end. The distal end of the shaft is attached to the
proximal end of electrode and external to the tubing. The
catheter also includes a pressure sensor located inside the
inner cavity of the electrode.

[0035] Theelectrode may be made of platinum (Pt), iridium
(Ir), gold, a gold alloy, a noble metal, or stainless steel. In one
embodiment, the electrode is made from a Ptand Ir alloy. The
pressure sensor may be a fiber optic sensor, which may be
connected to a fiber optic cable. The tubing is flexible. The
total area of the passages in the electrode may be smaller than
the cross-sectional area of the lumen of the tubing. The shaft
may be tubular and the tubing may contain radiopaque mark-
ers or radiopaque filler. A cooling fluid, such as, e.g., saline,
may be passed through the catheter.

[0036] Another embodiment of the invention is an irrigated
ablation catheter encompassing an elongated tubing con-
nected to a manifold, which in turn is connected to an elec-
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trode, a shaft connected to the manifold and a pressure sensor.
The irrigated ablation catheter may use RF energy.

[0037] The elongated tubing has a distal end, a proximal
end, and a lumen. The manifold has a distal end, a proximal
end and a lumen, and at least one passage from the lumen to
an outer surface of the manifold. The manifold is attached to
the proximal end of the flexible tubing such that the lumen of
the manifold and the lumen of the tubing are connected. The
electrode has an inner cavity, at least one passage from the
inner cavity to an outer surface of the electrode, a distal end,
and a proximal end. The electrode attached to the proximal
end of the manifold such that the lumen of the manifold is
mated to the inner cavity of the electrode. The shaft has a
distal end and a proximal end. The distal end of the shaft is
attached to the proximal end of the manifold and external to
the flexible tubing. The shaft may be tubular. The pressure
sensor is located inside the inner cavity of the electrode.
[0038] The electrode may contain Pt, Ir, gold, a gold alloy,
anoble metal, stainless steel or a Pt and Ir alloy. The pressure
sensor may be a fiber optic pressure sensor, which may be
connected to a fiber optic cable. In one embodiment, the total
area of the passages is smaller than the cross-sectional area of
the lumen of the flexible tubing. The tubing may contain
radiopaque markers or radiopaque filler. A cooling fluid, such
as e.g., saline, may be passed through the catheter.

[0039] The invention also encompasses methods of using
irrigated ablation catheters. In one embodiment, the method
of ablation has the steps of:

[0040] (a) providing an open irrigated ablation catheter
comprising an electrode having a lumen and plurality of
passages ways and a pressure sensor inside the lumen of the
electrode;

[0041] (b) inserting the catheter into a patient;
[0042] (c) measuring the pressure in the catheter inside the
patient;
[0043] (d) contacting a target tissue,
[0044] (e) determining if contacting of the target tissue has
been made by

[0045] (i) measuring the pressure inside the catheter

inside the patient after tentative target tissue contact; and
[0046] (ii) comparing this pressure with that in step (c),
wherein an increase in the pressure is indicative of tissue
contacting; and
[0047] (f) ablating the target tissue.

[0048] This method may be used when the catheter has a
manifold that is mounted to the electrode, when the electrode
of the catheter is Pt, Ir, or alloy thereof, when the pressure
sensor of the electrode is a fiber optic pressure sensor and
when a cooling fluid, such as e.g., saline, is passed through the
catheter. The step of ablating may employ radiofrequency
energy.

[0049] Another embodiment of the invention is an ablation
catheter that has (a) elongated tubing having a distal end, a
proximal end, and a lumen, (b) a shaft having a distal end, a
proximal end, and a lumen, the shaft being external to the
elongated tubing; (c) a distal member coupled to the distal end
of' the shaft to form an interior space of the catheter, the distal
member having at least one passage fluidicly coupled
between the interior space of the catheter and the outer sur-
face of the distal member, the interior space of the catheter
being fluidicly coupled to the lumen of the elongated tubing,
the distal member including an electrode, and (d) a pressure
sensor disposed inside the interior space of the catheter.
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[0050] Insuch a catheter, the electrode may include at least
one passage fluidicly coupled between the interior space of
the catheter and the outer surface of the distal member. Fur-
thermore, the distal member may include a manifold having a
proximal end connected to the distal end of the shaft and a
distal end connected to the electrode. This manifold may have
at least one passage fluidicly coupled between the interior
space of the catheter and the outer surface of the distal mem-
ber. Additionally, the manifold may be made of a thermally
insulative material. In one embodiment of such an ablation
catheter, the electrode includes at least one passage fluidicly
coupled between the interior space of the catheter and the
outer surface of the distal member, and the manifold includes
at least one passage fluidicly coupled between the interior
space of the catheter and the outer surface of the distal mem-
ber. The distal member may include an inner cavity forming
aportion of the interior space of the catheter, and the pressure
sensor may be disposed inside the inner cavity of the distal
member.

[0051] The foregoing and other aspects, features, details,
utilities, and advantages of the present invention will be
apparent from reading the following description and claims,
and from reviewing the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0052] The accompanying drawings, which are included to
provide a further understanding of the invention and are
incorporated in and constitute a part of this specification,
illustrate embodiments of the invention and together with the
description serve to explain the principles of the invention.
[0053] FIG. 1 is a cross-sectional view of one embodiment
of an irrigated ablation catheter according to the instant dis-
closure. FIG. 1 shows the cross-section of the electrode at the
distal end of an ablation catheter with a pressure sensor
located inside the lumen of the electrode.

[0054] FIG. 2 is a cross-sectional view of another embodi-
ment of an irrigated ablation catheter according to the instant
disclosure. FIG. 2 shows the cross-section of the electrode
and manifold at the distal end of an ablation catheter with a
pressure sensor located inside the lumen of the electrode.
[0055] FIG. 3 is a side view of the flow and pressure change
inside the distal end of an irrigated catheter according to one
embodiment of the invention at a perpendicular position as a
result oftissue contacting. FIG. 3 A shows the flow when there
is no contacting with the target tissue. FIG. 3B shows the flow
when there is contacting.

[0056] FIG. 4 is an axial view at horizontal orientation of
the flow and pressure change inside distal the irrigated cath-
eter according to one embodiment of the invention because of
tissue contacting. FIG. 4A shows the flow when there is no
contacting with the target tissue. FIG. 4B shows the flow
when there is contacting.

[0057] FIG. 5is a side view at horizontal orientation of the
flow and pressure change inside the distal end of an irrigated
catheter according to one embodiment of the invention as a
result oftissue contacting. FIG. 5A show the flows when there
is no contacting with the target tissue. FIG. 5B shows the flow
when there is contacting.

DETAILED DESCRIPTION OF THE INVENTION

[0058] Reference will now be made in detail to the certain
embodiments of the present invention, examples of which are
illustrated in the accompanying drawings. FIGS. 1 and 2
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show different embodiments of an irrigated ablation catheter
according to the instant disclosure. As described below, the
FIGS. 3 to 5 illustrate the flow and pressure change inside an
irrigated ablation catheter according to the instant disclosure.
[0059] As used herein, “proximal” refers to the direction
away from the body of a patient and towards a clinician.
Furthermore, as used herein “distal” refers to the direction
toward the body of a patient and away from the clinician.
[0060] One embodiment of the invention is an irrigated
ablation catheter that utilizes an electrode with a plurality of
passageways and a pressure sensor inside the electrode.
Referring to FIG. 1, side elevational view of catheter 100 is
shown. Catheter 100 has elongated flexible tubing 110, pres-
sure sensor 106, shaft 108, and electrode 102. The elongated
flexible tubing 110 has a distal end, a proximal end, and a
lumen 112. The electrode 102 has an inner cavity 114, a
plurality of passages 104 from the inner cavity to an outer
surface of the electrode, as well as a distal end and a proximal
end. The electrode 102 is attached to flexible tubing 110 such
that the inner cavity 114 of electrode 102 is connected to the
lumen 112 of the flexible tubing 110. Pressure sensor 106 is
located inside the inner cavity 114.

[0061] Catheter 100 may be of varying lengths, the length
being determined by the application for the catheter.

[0062] Electrode 102 may be made of any electro-conduc-
tive material suitable for medical use. Electrode 102 may be
a single electrode or multiple electrodes. The electrode may
contain gold, a gold alloy, a noble metal, stainless steel,
platinum, and/or iridium. The electrode may contain a plati-
num-iridium alloy. In one embodiment of the invention, the
electrode is made from a platinum-iridium alloy. The length
of'the electrode may be atleast 4 mm alternatively from about
1 cm to about 6 cm. In another embodiment of the invention,
the electrode comprises an electro-conductive coating.
[0063] The plurality of passages 104 from the inner cavity
114 to the outside allows free movement of fluid from the
inside to the outside of the cavity. The plurality of passages
104 are positioned on the electrode 102 in areas where the
electrode may contact the target tissue. In one embodiment of
the invention, the electrode has five to seven passages. In
another embodiment, the electrode has less than five pas-
sages. In yet another embodiment, the electrode has up 15
passages. The diameter of the passages may range from about
0.010 in. to about 0.020 in. (about 0.25 mm to about 0.5 mm).
In some embodiments, the plurality of passages 104 is smaller
in size than blood cells. In one embodiment of the invention,
the total area of the passages is smaller than the cross-sec-
tional area of the lumen of the flexible tubing.

[0064] The pressure sensor 106 may be suspended in the
inner cavity 114. Alternatively, the pressure sensor may be
mounted inside the inner cavity 114. The pressure sensor 106
measures the pressure of fluid inside the electrode 102. The
size of the pressure sensor needs to be minimized so as not to
impede fluid flow inside the catheter. This pressure measure-
ment is relayed to the outside. In one embodiment of the
invention, this pressure measurement is relayed to the outside
via arelay cable. In another embodiment ofthe invention, this
pressure measurement is relayed to the outside wirelessly. In
another embodiment of the invention, the pressure measure-
ment may be relayed to a computational device (such as e.g.,
apersonal computer) that also controls the flow of energy into
electrode 102.

[0065] Shaft108 may be a tubular shaft and may be made of
a corrosion resistant material such as e.g., stainless steel. In
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some embodiments, shaft 108 is made of a rigid material.
Shaft 108 has a distal end and a proximal end. The distal end
of shaft 108 is attached to the proximal end of electrode 102
and external to the flexible tubing 110.

[0066] Flexible tubing 110 may be of varying length, the
length being determined by the application for catheter 100.
Flexible tubing 110 is hollow on the inside, thereby creating
alumen 112. In some embodiments, this lumen should have a
diameter of at least 0.2 mm, including from about 0.3 to about
1.0 mm.

[0067] The flexible tubing may be made from materials
suitable for medical use. The flexible tubing may be a flexible
durable material (such as e.g., polyethylene), including ther-
moplastics (such as e.g., nylon) in which braiding is embed-
ded. The flexible tubing may be constructed from a number of
different polymers. Exemplary polymers include e.g.,
polypropylene, oriented polypropylene, polyethylene, crys-
tallized polyethylene terephthalate, polyethylene terephtha-
late, polyester, and polyvinyl chloride. Alternatively, the flex-
ible tubing may be made from conventional flexible
conductively coatable materials, such as e.g., polyurethanes,
polyether-block amides, polyolefins, silicone, nylons, poly-
tetrafluoroethylene, polyvinylidene fluoride, fluorinated eth-
ylene propylene polymers, and other conventional materials.
The tubing may include radiopaque markers or radiopaque
filler such as bismuth or barium sulfate.

[0068] In one embodiment of the invention, the flexible
tubing is made up from a series of different materials to allow
for different material stiffhess different sections of the cath-
eter. These sections of different material enable the flexible
tubing (and therefore the catheter) to have different mechani-
cal properties such as e.g., flexibility, at diftferent locations
along the tubing. Suitable materials to create these different
sections include Pebax® resin (AUTOFINA Chemicals, Inc.,
Philadelphia, Pa.) and other polyether-block co-polyamide
polymers.

[0069] In one embodiment of the invention, the flexible
tubing is used to deliver a cooling fluid such as e.g., saline.
This cooling fluid is delivered to the ablation site in order to
cool the tip of the catheter so that a larger amount of heart
tissue can be destroyed. The rate of flow of the cooling fluid
can be varied. The flow rate may range from about 10 m[./min
to about 30 mL/min. In one embodiment of the invention, the
flow rate may range from about 13 ml./min to about 17
ml/min. In another embodiment, the rate of flow of the cool-
ing fluid is constant (i.e., the cooling fluid is moving at a fixed
flow rate).

[0070] Another embodiment of the invention is an irrigated
ablation catheter that utilizes an electrode, a manifold, and a
pressure sensor. Referring to FIG. 2, a side elevational view of
catheter 200 is shown. Catheter 200 has flexible tubing 210,
electrode 202, manifold 206, pressure sensor 204, and shaft
208. Flexible tubing 210 has a proximal, a distal end, and
lumen 212. Manifold 206 is connected to the distal end of
flexible tubing 210. Manifold 206 has a lumen 214 inside of
which pressure sensor 204 is located (i.e., suspended or
mounted). Manifold 206 is connected to electrode 202. Shaft
208 is also connected to manifold 206 external to the flexible
tubing. Electrode 202 and manifold 206 have a plurality of
passages 216, which connect the inner cavity 218 of electrode
202 and the lumen 214 of manifold 206 to the outside. Fluid
tube 210 may be of varying lengths, the length being deter-
mined by the application for the catheter 200. Fluid tube 210
can be made of a flexible durable material, including thermo-
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plastics such as nylon, in which a braiding is embedded. The
electrode 202 may be a single electrode or multiple electrodes
surrounding the distal surface of catheter 200. The electrode
200 may have a length of at least 4 mm alternatively from
about 1 cm to about 6 cm. Shaft 208 may be made of a rigid
material.

[0071] The manifold 206 separates the electrode 202 from
the fluid tube 210 of catheter 200. Thus, the manifold 202
insulates the electrode 202 from the remainder of the catheter
200. It also minimizes contact between saline inside the cath-
eter and the electrode. The distal passage 220 oriented along
the axis at the tip of the electrode 202 includes an insulative
lining 222. The insulative lining 222 insulates the distal pas-
sage 220 from the electrode 202. The manifold 206 may be
made of a variety of materials that have insulating properties.
The manifold may be made from a plastic such as e.g., acetal,
polyetheretherketone (PEEK), and high-density polyethyl-
ene (HDPE).

[0072] In one embodiment of the invention, the electrode
202 does not have an inner cavity. In that embodiment, the
plurality of passages 216 directly connects the lumen 214 of
manifold 206 to the outside. In another embodiment of the
invention, the electrode 202 does not have distal passage 220.
In that alternate embodiment, only the manifold 206 has
passages 216.

[0073] Catheter 200 has a plurality of passages in the mani-
fold and electrode. In one embodiment, there may be five to
seven passages. In another embodiment, the manifold and
electrode combined have less than five passages. In yet
another embodiment, the manifold and electrode have up to
15 passages.

[0074] The pressure sensor 106 and pressure senor 204 may
be a fiber optic pressure sensor, which relays pressure mea-
surements to the outside via use of a fiber optic cable. Such a
fiber optic pressure sensor may be as small as 0.5 mm in width
and only a few nanometers long. The fiber optic cable may be
as small as 0.17 mm in diameter. The fiber optic pressure
sensor may be one of the commercially available sensors such
as the FOBPS family of fiber optic pressure sensors by World
Precision Instruments (description available online at http://
www.wpiinc.com/WPI_Web/Animal-Phy/BP_ Temp_sen-
sor/BP_Temp_Sensor.html, last visited Nov. 11, 2006). This
pressure sensor may be operably linked to the electrode.
[0075] An open irrigation catheter according to the instant
disclosure can be operated with a fixed flow rate of cooling
fluid inside the catheter (a so-called fixed flow condition).
Thus, when an open irrigated ablation catheter has contact
with tissue, some of the plurality of openings on the distal
electrode will be plugged by the tissue. The pressure inside
the electrode will increase as a function of the reduced open
irrigation area as well as the fixed flow condition.

[0076] FIG. 3 illustrates the flow and pressure change
inside the distal end of an irrigated ablation catheter accord-
ing to one embodiment of the invention. FIG. 3 is a side view
of'the tip of a catheter at perpendicular orientation. Referring
to FIG. 3, only the tip of the catheter 300 is visible. The tip of
the catheter has electrode 302 mated to hollow flexible tubing
304. The electrode has a lumen 306 and plurality of passages
308. The plurality of passages 308 connect with the lumen
306 such that fluid can flow into and out of the lumen. Pres-
sure sensor 310 is suspended inside lumen 306. Since the
pressure sensor 310 is suspended inside the lumen 306, it
measures the pressure inside container created by fluid mov-
ing in and out of the container. FIG. 3A shows the fluid and
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pressure flow in the catheter when there is no contacting with
a target tissue, while FIG. 3B shows the fluid and pressure
flow in the catheter when there is contacting. In the absence of
any contacting (as seen in FIG. 3A), there is a fixed flow of
fluid from the inside of the catheter tip to the outside and
therefore a constant pressure. When the catheter 300 contacts
target tissue 312, one or more of plurality of passages 308 are
blocked by the tissue. Thus, the pressure inside the catheter
will increase. This increase in pressure is then detected by the
pressure sensor. Based on this increase in pressure, an opera-
tor of the catheter will then recognize that tissue contact has
been made and ablation can proceed. Alternatively, the
increase in pressure is operatively linked to the electrode.
Thus, upon an increase in pressure, the electrode will be
triggered automatically.

[0077] FIG. 4 illustrates the flow and pressure change
inside the distal end of an irrigated ablation catheter accord-
ing to one embodiment of the invention based on an axial
view of the catheter at horizontal or parallel orientation. In
FIG. 4 only electrode 402, plurality of passages 404, lumen
406, and pressure sensor 408 of catheter 400 are visible. The
plurality of passages connects the lumen 406 to the outside.
When the catheter 400 is not in contact with a tissue (as seen
in FIG. 4A), fluid flows from the catheter to the outside at a
fixed rate thereby maintaining a constant pressure inside the
catheter. When catheter 400 is in contact with target tissue
410 (as seen in FIG. 4B), anumber of the plurality of passages
404 become blocked as a result of which the pressure
increases inside the catheter. Again, based on this increase in
pressure, an operator of the catheter will then recognize that
tissue contact has been made and ablation can proceed. Alter-
natively, the increase in pressure is operatively linked to the
electrode so that the electrode is triggered automatically upon
an increase in pressure.

[0078] FIG. 5 illustrates the flow and pressure change
inside the distal end of an irrigated ablation catheter accord-
ing to one embodiment of the invention based on a side view
of the catheter at horizontal or parallel orientation. Only the
tip of catheter 500 is shown. Catheter 500 has electrode 502
connected to hollow flexible tubing 504. The electrode 502
has a plurality of openings 506, which connect the lumen 508
with the outside. Inside lumen 508, pressure sensor 510 is
suspended. In the non-contacting state (as shownin FIG.5A),
fluid moves out of the electrode through plurality of openings
506. This flow of fluid is at a constant rate and therefore the
pressure inside the catheter is constant. In the contacting state
(as shown in FIG. 5 B), one or more of the plurality of
openings 506 are blocked due to contact of the electrode 502
with target tissue 512. Because of the contacting, the pressure
inside the catheter will increase. This increase in pressure is
detected by the pressure sensor and indicates to the operator
of the catheter that tissue contact has been made.

[0079] While only the distal end (i.e., the tip) of an irrigated
catheter is shown in FIGS. 1 and 2, one of skill in the art would
understand that a complete catheter set-up has additional
elements well known to those of skill in the art. For example,
a complete catheter set-up may contain a catheter (with flex-
ible tubing and an electrode), a pressure sensor, an energy
source (such as e.g., an RF generator), a pump that supplies
the cooling fluid and a proximal end control handle. The
length of the catheter may be from about 50 cm to about 150
cm. The diameter of the catheter is within ranges well known
in the industry, including, from about 4 to 16 French.
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[0080] Insomeembodiments,the source for energy emitted
by the electrode of an irrigated ablation catheter according to
the instant disclosure is radiofrequency energy, although
other sources for energy can be utilized including direct cur-
rent, laser, ultrasound, and microwave. During the ablation
procedure, the radiofrequency energy from the electrode is
conducted to the tissue to be ablated. If sufficient energy is
conducted to the tissue for a sufficient period of time, a
satisfactory ablation lesion is formed. The lesion being
formed should have an adequate depth along the entire length
of the lesion to avoid gaps.

[0081] The energy source may be an RF generator. In one
embodiment of the invention, the RF generator may provide
up to 150 watts of power at about 500 kHz, and will have
capability for both temperature monitoring and impedance
monitoring. A suitable generator would be, for example, a
Model No. EPT-1000 available from the EP Technologies
Division of Boston Scientific Corp. of Natick, Mass. In
another embodiment of the invention, the RF generator may
provide up to 70 W at 550-kHz of unmodulated sine wave
output.

[0082] Temperature sensors, such as e.g., thermistors or
thermocouples, may be secured to the surface of the catheter
to monitor the temperature of the tissue being ablated. Thus,
these thermosensing devices determine whether sufficient
energy has been applied to the tissue to create an adequate
linear lesion. After the ablation procedure is completed, a
sensing electrode, such as a tip electrode, may be utilized as a
sensing system to determine if the arrhythmia has been elimi-
nated at the particular location within the heart. Additional
ablation lesions or tracks can then be produced using the
ablation catheter at the same or different locations within the
heart.

[0083] Inoneembodiment ofthe invention, the catheter has
multiple individually controllable electrodes on the tip of the
catheter that contacts the tissue. Such individually control-
lable electrodes allow ablation to proceed only in areas where
the electrode has made contact with the tissue. This mini-
mizes the amount ofheat created at the tip of the electrode and
therefore minimizes the amount of coagulum.

[0084] Inoperation, a modified Seldinger technique is nor-
mally used for the insertion of the associated dilators, intro-
ducers, and ablation catheter into the body. The appropriate
vessel is accessed by needle puncture. The soft flexible tip of
an appropriately sized guidewire is then inserted through, and
a short distance beyond, the needle into the vessel. Firmly
holding the guidewire in place, the needle is removed. The
guidewire is then advanced through the vessel into the appro-
priate portion of the heart for the ablation procedure. A pre-
formed, shaped guiding introducer or guiding introducer sys-
tem, such as those disclosed in U.S. Pat. No. 5,575,766, may
be utilized to assist in proper placement of the ablation cath-
eter in the heart. Alternatively, or additionally, the ablation
catheter may contain a mechanism to make it steerable, such
as a pull wire, so that the ablation catheter may be guided
within the vessel or chamber of the human body to be ablated
without use of a guiding introducer. The ablation catheter can
also be directed to the location to be ablated by other steering
mechanism, such as a rail or a guidewire. In the heart, tissue
contact is verified based on pressure measurements.

[0085] In one embodiment, with a guidewire in place, the
dilator is placed over the guidewire with the appropriate guid-
ing introducer, or guiding introducer system. The dilator and
the guiding introducer or guiding introducer system generally
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forms an assembly to be advanced together along the
guidewire into the appropriate vessel. After insertion of the
assembly, the guidewire is then withdrawn.

[0086] The guiding introducer or guiding introducer sys-
tem for use in the heart is then passed over the guidewire
through its lumen and positioned to allow ablation and map-
ping procedures to be performed at the appropriate location in
the heart. Once the guiding introducer or guiding introducer
system is in place at the appropriate location within the heart,
the ablation catheter is advanced through the lumen of the
guiding introducer or guiding introducer system.

[0087] Afterthedesired location for ablation is determined,
and the ablation catheter has been guided to that location, the
electrode of the catheter is at or near the tissue to be ablated.
Placement of the portion of the catheter body containing the
openings against the tissue to be ablated is achieved by con-
ventional procedures such as fluoroscopy, the use of markers,
or other conventional methods. Tissue contact is then verified
by detecting an increase of pressure inside the catheter.
Energy is subsequently passed through the electrode and
ablation proceeds.

[0088] Thus, the invention also includes methods of oper-
ating an open irrigated ablation catheter with an internal
pressure sensor. The operation of an ablation catheter, as
previously described in detail, consists of the following gen-
eral steps. An ablation catheter is first inserted into the patient.
An operator maneuvers the distal end (the end of the catheter
with the electrode) by manipulating proximal end control
handle by any means well known in the art including, but not
limited to, pullwires. When the electrode is in the proper
location, the operator activates the energy source (such as
e.g., an RF generator) to allow ablation to proceed. Proper
location is verified by detecting an increase in pressure inside
the catheter.

[0089] The detection of the change in pressure inside the
catheter is based on measuring the pressure inside the catheter
atany time before tentative tissue contacting is made and then
measuring the pressure after tentative tissue contacting. Tis-
sue contacting arises only if the pressure after tentative tissue
contacting is greater than the pressure before tentative tissue
contacting.

[0090] Thus, in one embodiment of the invention, the
method of ablation has the steps of (a) providing an open
irrigated ablation catheter with an electrode having a lumen
and plurality of passages ways and a pressure sensor inside
the lumen of the electrode; (b) inserting the catheter into a
patient; (¢) measuring the pressure in the catheter inside the
patient; (d) contacting a target tissue; (e) determining if con-
tacting of the target tissue has been made by (i) measuring the
pressure inside the catheter inside the patient after tentative
target tissue contact; and (ii) comparing this pressure with
that in step (c), with an increase in the pressure being indica-
tive of tissue contacting; and (f) ablating the target tissue for
a period of time and under conditions sufficient to ablate the
target tissue. The step of ablating the target tissue is achieved
by supplying energy, including RF, to the electrode. The step
of inserting may comprise the Seldinger technique as well as
the other techniques described. The step of inserting includes
both the inserting of the catheter and guiding the catheter to
the target tissue.

[0091] Pharmacological treatments may also be used in

combination with ablation procedures to relieve the atrial
arrhythmia.
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[0092] Although various embodiments of this invention
have been described above with a certain degree of particu-
larity, those skilled in the art could make numerous alterations
to the disclosed embodiments without departing from the
spirit or scope of this invention. For example, any means of
measuring pressure could be used. All directional references
(e.g., upper, lower, upward, downward, left, right, leftward,
rightward, top, bottom, above below, vertical, horizontal,
clockwise, and counterclockwise) are only used for identifi-
cation purposes to aid the reader’s understanding of the
present invention, and do not create limitations, particularly
as to the position, orientation, or use of the invention. Joinder
references (e.g., attached, coupled, connected, and the like)
are to be construed broadly and may include intermediate
members between a connection of elements and relative
movement between elements. As such, joinder references do
not necessarily infer that two elements are directly connected
and in fixed relation to each other. It is intended that all matter
contained in the above description or shown in the accompa-
nying drawings shall be interpreted as illustrative only and not
limiting. Changes in detail or structure may be made without
departing from the spirit of the invention as defined in the
appended claims.

What is claimed:

1. An ablation catheter comprising:

(a) an elongated tubing having a distal end, a proximal end,
and a lumen;

(b) an electrode having an inner cavity, a plurality of pas-
sages from the inner cavity to an outer surface of the
electrode, a distal end and a proximal end;

(c) ashafthaving a distal end and a proximal end said distal
end attached to the proximal end of electrode, the shaft
being external to the tubing; and

(d) a pressure sensor mounted inside the inner cavity of the
electrode.

2. The ablation catheter of claim 1, wherein said electrode

comprises Pt, Ir, gold, a noble metal, or stainless steel.

3. The ablation catheter of claim 2, wherein said electrode

comprises a Pt and Ir alloy.

4. The ablation catheter of claim 1, wherein the pressure

sensor is a fiber optic pressure sensor.

5. The ablation catheter of claim 4, further comprising a

fiber optic cable connected to the fiber optic pressure sensor.

6. The ablation catheter of claim 1, wherein the total area of

the passages is smaller than the cross-sectional area of the
lumen of the tubing.

7. The ablation catheter of claim 1, wherein the shaft is

tubular.

8. The ablation catheter of claim 1, wherein the tubing

comprises radiopaque markers or radiopaque filler.

9. The ablation catheter of claim 1, wherein the electrode

emits radiofrequency energy.

10. An ablation catheter comprising:

(a) an elongated tubing having a distal end, a proximal end,
and a lumen;

(b) a manifold having a distal end, a proximal end, a lumen,
atleast one passage from the lumen to an outer surface of
the manifold;

(c) an electrode having an inner cavity, at least one passage
from the inner cavity to an outer surface of the electrode,
a distal end and a proximal end;

(d) a shaft having a distal end and a proximal end said distal
end attached to the proximal end of the manifold and
external to the tubing; and
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(e) a pressure sensor mounted inside the inner cavity ofthe
electrode,

wherein said manifold is attached to the proximal end of
the tubing such that the lumen of the manifold and the
lumen of the tubing are connected,

and wherein said electrode is attached to the proximal end
of the manifold such that the lumen of the manifold is
mated to the inner cavity of the electrode.

11. The ablation catheter of claim 10, wherein said elec-

trode comprises Pt, Ir, gold, a noble metal, or stainless steel.

12. The ablation catheter of claim 11, wherein said elec-

trode comprises a Pt and Ir alloy.

13. The ablation catheter of claim 10, wherein the pressure

sensor is a fiber optic pressure sensor.

14. The ablation catheter of claim 13, further comprising a

fiber optic cable connected to the fiber optic pressure sensor.

15. The ablation catheter of claim 10, wherein the total area

of'the passages is smaller than the cross-sectional area of the
lumen of the tubing.

16. The ablation catheter of claim 10, wherein the shaft is

tubular.

17. The ablation catheter of claim 10, wherein the tubing

comprises radiopaque markers or radiopaque filler.

18. The ablation catheter of claim 10, wherein the electrode

emits radiofrequency energy.

19. The ablation catheter of claim 10, the manifold com-

prises of a thermally insulative material.
20. A method of ablation comprising:
(a) providing an open irrigated ablation catheter compris-
ing an electrode having a lumen and plurality of pas-
sages ways and a pressure sensor inside the lumen of the
electrode;
(b) inserting the catheter into a patient;
(c) measuring the pressure in the catheter inside the patient;
(d) contacting a target tissue,
(e) determining if contacting of the target tissue has been
made by
(1) measuring the pressure inside the catheter inside the
patient after tentative target tissue contact; and

(1) comparing this pressure with that in step (c), wherein
an increase in the pressure is indicative of tissue con-
tacting; and

() ablating the target tissue if there is contact.

21. The method of claim 20, wherein the electrode of the

catheter comprises Pt, Ir or alloy thereof.

22. The method of claim 20, wherein the pressure sensor of

the electrode is a fiber optic pressure sensor.

23. The method of claim 20, wherein the step of ablating

comprises supplying radiofrequency energy to the electrode.

24. The method of claim 20, wherein a cooling fluid is

passed through the catheter.

25. The method of claim 24, wherein the cooling fluid is

saline.

26. An ablation catheter comprising:

(a) an elongated tubing having a distal end, a proximal end,
and a lumen;

(b) a shaft having a distal end, a proximal end, and a lumen,
the shaft being external to the elongated tubing;

(c) a distal member coupled to the distal end of the shaft to
form an interior space of the catheter, the distal member
having at least one passage fluidicly coupled between
the interior space of the catheter and the outer surface of
the distal member, the interior space of the catheter
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being fluidicly coupled to the lumen of the elongated
tubing, the distal member including an electrode; and

(d) a pressure sensor disposed inside the interior space of

the catheter.

27. The ablation catheter of claim 26, wherein the electrode
includes at least one passage fluidicly coupled between the
interior space of the catheter and the outer surface of the distal
member.

28. The ablation catheter of claim 26, wherein the distal
member includes a manifold having a proximal end con-
nected to the distal end of the shaft and a distal end connected
to the electrode.

29. The ablation catheter of claim 28, wherein the manifold
includes at least one passage fluidicly coupled between the
interior space of the catheter and the outer surface of the distal
member.
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30. The ablation catheter of claim 28, wherein the manifold
comprises a thermally insulative material.

31. The ablation catheter of claim 28, wherein the electrode
includes at least one passage fluidicly coupled between the
interior space of the catheter and the outer surface of the distal
member, and wherein the manifold includes at least one pas-
sage fluidicly coupled between the interior space of the cath-
eter and the outer surface of the distal member.

32. The ablation catheter of claim 26, wherein the distal
member includes an inner cavity forming a portion of the
interior space of the catheter, and wherein the pressure sensor
is disposed inside the inner cavity of the distal member.
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